INTRODUCTION
============

Chronic diabetes mellitus is one of the leading causes of mortality worldwide \[[@B1][@B2]\]. The uncontrolled diabetes mellitus often leads to renal complications. Indeed, nephropathy is a major cause of death among people afflicted with chronic diabetes mellitus \[[@B3][@B4]\]. Diabetic nephropathy is associated with an elevation of serum creatinine and urea, which are the index of renal dysfunction \[[@B5][@B6][@B7]\]. In addition, diabetic nephropathy is structurally associated with glomerulosclerosis and tubular abnormalities \[[@B8][@B9][@B10]\]. The progression of nephropathy could be effectively prevented by optimal glycemic control and blood pressure reduction. Recent studies highlight the fact of renal involvement of diabetic dyslipidemia in the development and progression of nephropathy \[[@B11][@B12][@B13]\]. Dyslipidemia is a condition that includes hypertriglyceridemia, decreased high-density lipoprotein levels and increased low-density lipoprotein particles. Dyslipidemia is strongly implicated in the occurrence and progression of diabetic nephropathy \[[@B11][@B13]\].

Edaravone, chemically known as 3-methyl-1-phenyl-2-pyrazolin-5-one, is a synthetic-free radical scavenger \[[@B14]\]. It was the first neuroprotective drug to be introduced worldwide, and it has been used in Japan for treating patients with cerebral infarction since a decade \[[@B14]\]. Besides its potent free radical scavenging effects, edaravone possesses anti-apoptotic and anti-necrotic effects in animal models of various diseases \[[@B15]\]. Therefore, it might be necessary to investigate its therapeutic potential in chronic metabolic disorders, which are often associated with oxidative stress and cell death. In fact, numerous studies demonstrated cardiovascular and renal beneficial actions of edaravone. Indeed, edaravone administration just prior to reperfusion has reduced the oxidative stress and improved the long-term clinical outcomes of patients with acute myocardial infarction \[[@B16]\]. Likewise, edaravone pharmacological postconditioning applied before the onset of coronary reperfusion in rats provided a potent myocardial infarct size reduction by decreasing the oxidative stress \[[@B17]\]. Edaravone was also shown to significantly reduce the myocardial infarct size and to improve the cardiac function and left ventricular remodelling by decreasing the cardiac oxidative stress during reperfusion in rabbits \[[@B18]\]. In fact, edaravone was proposed to be a novel option for the treatment of cardiovascular disease \[[@B15]\]. Interestingly, edaravone has been shown to protect canine kidneys from ischemia-reperfusion injury by improving the tubular cell function, and lowering the mean serum creatinine and renal vascular resistance \[[@B19]\]. The present study aimed to investigate the effect of edaravone in diabetes mellitus-induced nephropathy in rats.

METHODS
=======

This study was carried out for 10 weeks. All the experimental procedures were approved by the AIMST University Human and Animals Ethics Committee (AUHAEC 14/FOP/2013) and complied with the guidelines of the care and use of laboratory animals at the AIMST University, Malaysia. Rats were acclimatised in the AIMST Central Animal House and allowed for access of water and food *ad libitum*. Rats were exposed to normal day and night cycles.

Streptozotocin (STZ, 55 mg/kg, *i.p.*, once) dissolved in freshly prepared cold 0.1 M citrate buffer was administered to induce diabetes mellitus in rats. Rats with blood glucose level of greater than 180 mg/dL were selected for the study. At the end of the study, the serum glucose level and other biochemical parameters were measured. The kidney was incised for morphological and histopathological studies.

Experimental protocols
----------------------

Thirty healthy male Sprague Dawley (SD) rats, weighing between 140\~170 g were used in the present study. Five groups were employed in the present study and each group comprised six rats. Lisinopril has been well reported to have renoprotective action in the diabetic condition. Therefore, lisinopril has been employed as a reference compound in the present study.

Group 1 (*Normal Control*), rats were allowed for free access of water and food, but, no treatment was given. Group 2 (*Diabetic Control*), rats were administered STZ (55 mg/kg, *i.p.*, *once*) to induce experimental diabetes mellitus. The STZ-administered diabetic rats were allowed for 10 weeks to develop nephropathy. Group 3 (*Edaravone per se*), normal rats were administered edaravone (10 mg/kg/day, *i.p.*) for 4 weeks. Group 4 (*Diabetic*+*Edaravone*), the diabetic rats after 6 weeks of STZ administration were treated with edaravone (10 mg/kg/day, *i.p.*) for the last 4 weeks of 10 weeks experimental protocols. Group 5 (*Diabetic*+*Lisinopril*), the diabetic rats after 6 weeks of STZ administration were treated with lisinopril (5 mg/kg/day, *p.o.*) for the last 4 weeks of 10 weeks experimental protocols.

Biochemical and morphological assessments
-----------------------------------------

The development of diabetic nephropathy was assessed in rats by measuring the kidney weight to body weight ratio (KW/BW, g kidney weight/100 g body weight), and measuring serum glucose, serum creatinine and serum urea. In addition, diabetes mellitus-induced lipid alteration was assessed by measuring serum triglycerides and high-density lipoprotein (HDL). All biochemical estimations were done using commercially available Reflotron strips assay kit employing Reflotron Plus Apparatus (Roche Diagnostics, Germany).

At the end of 10 weeks study, the treated and untreated rats were euthanized. Blood sample from each rat was collected in the microcentrifuge tubes, before centrifugation at 9000 rpm for 5 min, to obtain the serum. Using a micropipette, 30 µL of serum was drawn into the pipette (avoiding bubbles) and applied as a drop to the centre of the red application zone on the Reflotron assay strips, without touching the application zone. Before starting the analysis, a calibration for each parameter was done using standard calibration strips. The calibration value was in the range of (631\~651), (632\~652) and (624\~644). The assay strip was placed into the Reflotron apparatus for biochemical analysis. The concentrations of serum glucose, serum creatinine, serum urea, serum triglycerides and serum HDL were expressed in mg/dL.

Histopathological analysis
--------------------------

The isolated kidney was rinsed immediately in saline and kept in 10% buffered formalin. After 10% neutral buffered formalin fixation, the renal tissue was embedded in paraffin. Tissue sections were cut at 4 µm thickness using a microtome, dewaxed, and stained using haematoxylin and eosin (H&E), Periodic acid-Schiff (PAS) and Masson\'s trichrome. Renal histological changes within the glomeruli, tubules and interstitial areas were assessed using Digital Binocular Microscope at 40X (Model: DN-117M, Brand-Inter Bridge, Quick Lab Sdn. Bhd, Malaysia).

Statistical analysis
--------------------

The results were expressed as mean±standard error mean (SEM). Data obtained from various groups were statistically analysed by one way analysis of variance (ANOVA), followed by Tukey\'s multiple comparison test. The \'p\' value of less than 0.05 was considered as statistically significant.

Drugs and chemicals
-------------------

Edaravone and STZ were purchased from Sigma-Aldrich Ltd., St. Louis, MO, USA. Lisinopril dihydrate was procured from AstraZeneca, Malaysia. All other chemicals used in the present study were of analytical grade.

RESULTS
=======

No mortality was observed in the animals within the 10 weeks study. Administration of edaravone (10 mg/kg/day, *i.p.*, 4 weeks) to normal rats did not produce statistically significant per se effects in normal rats. The mean body weight (g) was slightly reduced in diabetic control rats as compared to normal control rats at week 10, but the result was not statistically significant. Likewise, no significant change in body weight at week 10 was observed in diabetic rats with or without edaravone or lisinopril treatments ([Fig. 1](#F1){ref-type="fig"}).

Effect of edaravone on KW/BW
----------------------------

As compared to the normal control group, the diabetic control animals showed a significant increase in the KW/BW (g/100 g BW) (p\<0.001). However, diabetic animals treated with either edaravone (p\<0.001) or lisinopril (p\<0.05) showed significant reductions in the KW/BW as compared to diabetic control group ([Fig. 2](#F2){ref-type="fig"}). Edaravone per se group showed no changes in the KW/BW as compared to the normal control group ([Fig. 2](#F2){ref-type="fig"}).

Effect of edaravone on blood glucose concentration
--------------------------------------------------

The blood glucose level in the diabetic control group increased significantly as compared to normal control group at the end of 10 weeks of STZ administration (290.5±25.98 vs 100.1±4.01 mg/dL, p\<0.01). The diabetic rats treated with edaravone (10 mg/kg/day, *i.p.*, 4 weeks) showed a reduction in the blood glucose level as compared to diabetic control group, but the result was not statistically significant ([Fig. 3](#F3){ref-type="fig"}). However, diabetic rats treated with lisinopril (5 mg/kg/day, *p.o.*, 4 weeks) showed a significant reduction in the blood glucose level (137.2±9.56, p\<0.05) as compared to diabetic control group ([Fig. 3](#F3){ref-type="fig"}).

Effect of edaravone on serum creatinine concentration
-----------------------------------------------------

The serum creatinine level in diabetic control rats increased significantly by 2 fold (p\<0.001) as compared to normal control group. However, diabetic rats treated with either edaravone or lisinopril (p\<0.05) showed a significant reduction in the serum creatinine level as compared to the diabetic control group ([Fig. 4](#F4){ref-type="fig"}). Edaravone per se group showed no changes in the serum creatinine level as compared to the normal control group ([Fig. 4](#F4){ref-type="fig"}).

Effect of edaravone on serum urea concentration
-----------------------------------------------

The serum urea concentration significantly increased in diabetic control group as compared to normal control group (p\<0.001). However, treatment with either edaravone or lisinopril (p\<0.01) significantly reduced diabetes mellitus-induced increase in serum urea concentration ([Fig. 5](#F5){ref-type="fig"}). The serum urea concentration in normal rats administered edaravone did not change as compared to the normal control group ([Fig. 5](#F5){ref-type="fig"}).

Effect of edaravone on serum triglyceride concentration
-------------------------------------------------------

As compared to the normal control group, there was a significant increase in serum triglyceride level in diabetic control group (p\<0.01). Interestingly, edaravone treatment significantly reduced the elevated levels of serum triglycerides in diabetic rats (p\<0.05). In addition, lisinopril treated diabetic group also exhibited a significant reduction in serum triglyceride level as compared to diabetic control group (p\<0.01) ([Fig. 6](#F6){ref-type="fig"}). There was no significant change in serum triglycerides in between edaravone per se group and normal control group ([Fig. 6](#F6){ref-type="fig"}).

Effect of edaravone on serum HDL concentration
----------------------------------------------

The serum HDL concentration was noted to be significantly reduced in diabetic control rats as compared to normal control rats (p\<0.01). However, edaravone treatment significantly elevated the reduced HDL concentration in diabetic rats (p\<0.01) ([Fig. 7](#F7){ref-type="fig"}). The Lisinopril-treated diabetic animals also showed a significant elevation of serum HDL concentration as compared to diabetic control group (p\<0.05). Edaravone per se group did not show any significant change in the serum HDL level as compared to normal control group ([Fig. 7](#F7){ref-type="fig"}).

Effect of edaravone on renal histology
--------------------------------------

[Figs. 8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}, [10](#F10){ref-type="fig"} show histological observations of kidney sections stained with H&E, PAS and Masson\'s trichrome, respectively. Renal tissue sections of control rats showed normal glomeruli and tubules. However, glomerulosclerosis, glomerular hypertrophy, tubular cell degeneration and renal arteriolar hyalinization (thickened wall with narrowed lumen) were noted in the diabetic control group. These histopathological changes have been noted to be markedly reduced by the treatment with either edaravone or lisinopril ([Figs. 8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}, [10](#F10){ref-type="fig"}).

DISCUSSION
==========

Diabetes mellitus is a chronic metabolic disorder that is often associated with microvascular complications, including nephropathy, which results in significant morbidity and mortality worldwide \[[@B20][@B21][@B22]\]. It is known that chronic hyperglycemia is a key pathologic factor associated with the induction and development of nephropathy during diabetes mellitus. In addition, growing evidence support the fact of significant pathologic involvement of diabetes mellitus-associated dyslipidemia in the development and progression of diabetic nephropathy \[[@B7][@B12][@B13][@B23]\]. In the present study, we observed that treatment with edaravone significantly prevented dyslipidemia in diabetic rats and concurrently improved the structure and function of the diabetic kidney, and prevented the development of nephropathy without affecting the elevated glucose concentration. The dose of edaravone (10 mg/kg) employed in the present study has been reported to have renoprotective effect in rats subjected to renal ischemia and reperfusion injury \[[@B24]\]. This was a reason behind the selection of the dose of edaravone in the present study.

STZ induces toxicity to the insulin-producing beta cells of Islets of Langerhans in the pancreas, resulting in type 1 diabetes mellitus. STZ is commonly used to induce diabetes mellitus in rodents \[[@B25]\]. Renal dysfunction can be assessed by measuring serum creatinine and serum urea. Increase in serum creatinine and serum urea is an indication of renal dysfunction \[[@B6][@B7]\]. In the present study, STZ-induced diabetic rats exhibited significant elevation of serum creatinine in 10 weeks. Likewise, the serum urea concentration was noted to be significantly elevated in diabetic rats. These results certainly indicate the development of renal dysfunction and nephropathy in STZ-administered diabetic rats in 10 weeks.

Histopathological studies are often used to analyse the renal structural abnormalities. In the present study, histopathological analysis using H&E, PAS and Masson\'s trichrome staining revealed the occurrence of glomerulosclerosis, mesangial cellularity with extracellular matrix accumulation in the glomerular structure, glomerular hypertrophy, tubular cell degeneration and hyalinization of the vessels in the diabetic kidney. Moreover, the KW/BW was noted to be increased to some extent, but, significantly, in diabetic rats as compared to normal rats. These results confirm the development of renal structural abnormalities and nephropathy in diabetic rats after 10 weeks of STZ administration. Interestingly, the aforementioned structural and functional abnormalities were markedly prevented by treatment with edaravone in diabetic rats, indicating the therapeutic potential of edaravone in preventing the development of nephropathy in diabetic rats. It is worth mentioning that the renoprotective action of edaravone was noted to be similar to that of lisinopril, an angiotensin-converting enzyme inhibitor. Notably, edaravone, without affecting the elevated glucose level, prevented the development of nephropathy in diabetic rats. However, lisinopril was noted to reduce the elevated glucose concentration in diabetic rats.

Diabetic dyslipidemia and lipid elevation could play a key pathologic role in the development and progression of nephropathy \[[@B7][@B11][@B12][@B13][@B23][@B26][@B27]\]. In the present study, we analyzed the direct relationship between diabetic nephropathy and diabetic dyslipidemia. The serum triglycerides concentration was significantly increased while the serum HDL concentration was significantly decreased in diabetic rats as compared to normal rats in the present study, indicating the development of dyslipidemia in diabetic rats. However, edaravone treatment significantly prevented dyslipidemia in diabetic rats. The diabetic rats treated with lisinopril also showed a significant reduction in diabetic dyslipidemia. These results strongly suggest that dyslipidemia could play a key role in the development of nephropathy in the diabetic condition. The renoprotective effect of edaravone might possibly be associated with its significant potential in preventing the development of dyslipidemia in diabetic rats.

In conclusion, a marked induction of dyslipidemia could play a key pathologic role in the development of nephropathy in diabetic rats. Our study has demonstrated for the first time that edaravone has a potential to prevent diabetes mellitus-associated lipid alteration, which might subsequently have played a key role in preventing the development of nephropathy in diabetic rats. Renal dysfunction is associated with the renal morphological alterations while edaravone treatment could reduce the risk of renal dysfunction by preventing injuries to the renal structure.

This study was supported by the AIMST Research Grant (AURGC/19/FOP/2013). We thank Ms. M. Mangalarani, Ms. Noor Amalina and Ms. Ooi Bee Eng (AIMST Scientific Officers) for their timely help.

**CONFLICTS OF INTEREST:** The authors declare no conflicts of interest.

**Author contributions:** L.X.L., K.T., C.S.T. and Y.L.T. performed the biochemical and morphological assessments. S.A.S. and M.R. performed sacrifi cing and handling of animals. U.B. interpreted all the histological sections of the kidney. I.C., N.A.A. and S.A.D. supervised and coordinated the study. R.V. conducted all the studies, drafted the manuscript and design of the study. P.B. revised the manuscript critically for the important intellectual content.

![Effect of edaravone on body weight at week 10.\
Data are expressed as mean±SEM. Body weight did not statistically differ among the five study groups.](kjpp-20-333-g001){#F1}

![Effect of edaravone on kidney weight to body weight ratio (KW/BW).\
Data are expressed as mean±SEM. ^aaa^p\<0.001 vs Normal control; ^b^p\<0.05; ^bbb^p\<0.001 vs Diabetic control.](kjpp-20-333-g002){#F2}

![Effect of edaravone on blood glucose (mg/dL) concentration.\
Data are expressed as mean±SEM. ^aa^p\<0.01 vs Normal control; ^b^p\<0.05 vs Diabetic control.](kjpp-20-333-g003){#F3}

![Effect of edaravone on serum creatinine (mg/dL) concentration.\
Data are expressed as mean±SEM ^aaa^p\<0.001 vs Normal control; ^b^p\<0.05 vs Diabetic control.](kjpp-20-333-g004){#F4}

![Effect of edaravone on serum urea (mg/dL) concentration.\
Data are expressed as mean±SEM. ^aaa^p\<0.001 vs Normal control; ^bb^p\<0.01 vs Diabetic control.](kjpp-20-333-g005){#F5}

![Effect of edaravone on serum triglycerides (mg/dL) concentration.\
Data are expressed as mean±SEM. ^aa^p\<0.01 vs Normal control; ^b^p\<0.05 and ^bb^p\<0.01 vs Corresponding Diabetes control.](kjpp-20-333-g006){#F6}

![Effect of edaravone on serum HDL (mg/dL) concentration.\
Data are expressed as mean±SEM. ^aa^p\<0.01 vs Normal control; ^b^p\<0.05 and ^bb^p\<0.01 vs Corresponding Diabetes control.](kjpp-20-333-g007){#F7}

![Effect of edaravone on renal histology using Haematoxylin and eosin staining.](kjpp-20-333-g008){#F8}

![Effect of edaravone on renal histology using Periodic acid-Schiff staining.](kjpp-20-333-g009){#F9}

![Effect of edaravone on renal histology using Masson trichrome staining.](kjpp-20-333-g010){#F10}
